Various bacterial spores exhibited a wide range of radiation resistance to doses of 0.25 to 2.5 Mrad from a cobalt-60 radiation facility. Bacillus pumilus and Clostridium tetani were shown to have the highest degree of resistance when compared with other bacterial sporeformers. B. subtilis E163 was the least resistant of the bacterial spores studied. Dried spores contained on cellulose discs were more readily destroyed by y-rays than were wet spores under similar conditions. Mycobacterium tuberculosis was destroyed by radiation doses much lower than that required by the least resistant bacterial spores. Interrupted dosimetry tests performed with materials of various types showed that sutures and other similar materials were effectively sterilized when the total radiation dose was given in two separate exposures with periods of interruption of 1 to 19 days. When "agar dosimeters" were employed in similar interrupted dosimetry series, B. pumilus spores were recovered in a few tests after administration of a total combined dosage of 2.5 Mrad with interruption periods of 2 to 19 days. When the experiment was repeated with interruption for 14 days, no survivors were found after a total dose of 2.0 to 2.8 Mrad.
Previous work performed in our laboratories showed the relative resistance of microorganisms to cathode rays (4, 7, 8) . A report by Artandi and Van Winkle (2) demonstrated the effectiveness of the linear accelerator for the sterilization of surgical sutures. These investigators also reported on the sterilization of pharmaceuticals and hospital supplies by ionizing radiation (3) . In our present work, the linear accelerator, a highenergy electronic unit, has been replaced by y irradiation. Jefferson (6) , in comparing the reliability of both units, showed that a high degree of sterilization efficiency was obtained from both sources. The initiation of a change to cobalt-60 was prompted by the reliability of performance of this high-energy source, the minimum of maintenance necessary for the operation, and the economics realized from its use.
MATERIALS AND METHODS
Since earlier work had shown that bacterial spores were among the microorganisms most resistant to cathode rays, it was decided to study the effects of cobalt-60 irradiation on spores. Both aerobic and anaerobic spores were cultured and harvested according to the methods of Pepper, Buffa, and Chandler (8) . Cellulose discs (Schleicher & Schuell Co., Keene, N.H.; diameter, 12.7 mm; area, 1.3 cm2) were inoculated with a 0.1-ml spore suspension containing 108 spores/ml of Bacillus pumilus, Clostridium tetani, C. sporogenes, B. mesentericus, B. subtilis, and B.
cereus. An inoculum concentration of 107 spores per disc was maintained (see Table 1 ).
An evaluation of radiation resistance was conducted under moist and dry conditions. Wet discs were hermetically sealed in plastic strips immediately after contamination; dry discs were allowed to stand for 72 hr at 37 C and then sealed in plastic strips. The contaminated discs were subjected to cobalt-60 irradiation at four dose levels, and sterility was tested in Eugonbroth and Fluid Thioglycollate Medium (both BBL products). The test tubes were incubated for 14 days at 37 C, and the number of positives read at the termination of the test.
To determine a dose-survivor relationship of various aerobic and anaerobic bacterial spores, the following spores were grown, harvested, washed, and suspended in sterile distilled water in glass vaccine vials: B. pwnilus, B. mesentericus, C. tetani, C. sporogenes, B. globigii, B. subtilis, and B. cereus. All of the spores were prepared at a concentration of 101 spores/ ml in a volume of 5 ml per vial. B. pumilus was also prepared at a concentration of 1010 spores per ml. The spore suspensions were irradiated at doses ranging from 0.25 to 2.0 Mrad. After irradiation, the survivors were counted by the standard plate-count method, and regression lines were plotted by use of the least-squares method of Alper (1). 
RESULTS
Results obtained when various spores were subjected to cobalt-60 irradiation showed that all of the spores were destroyed in the dose range of 1.9 to 2.1 Mrad. Table 1 demonstrates the percentage of survival of microorganisms when exposed to radiation doses of 0.78 to 2.1 Mrad. Additional data indicated that most spores survived at a range of 0.3 to 0.65 Mrad, and that certain spores on wet discs were more resistant than spores irradiated on dry discs. In the lower dose ranges, a higher survival of microorganisms was noted on wet discs than on dry discs.
The relative radiation resistances of various species of bacterial spores were determined from these data, and the D values and lag factors indicated in Table 2 were obtained. Radiation resistances shown in Fig. 1 were plotted on the basis of the results obtained with irradiation of the spores at dose ranges from 0.25 to 2.1 Mrad.
Cells of Mycobacterium tuberculosis H37RA were destroyed at relatively low irradiation doses in contrast to spores. All cells at an inoculum concentration of 105 microorganisms per wet disc were destroyed at a dose of 0.07 to 0.09 Mrad, whereas 98% of these cells were killed on a dry disc. At the next dose of 0.13 to 0.17 Mrad, all tubercle bacilli were destroyed on both wet and dry discs. Viability controls, nonirradiated contaminated discs exposed to the same environmental conditions as the irradiated discs, were positive for growth of M. tuberculosis.
Interrupted dose studies performed with size 1 cotton sutures revealed that they could be effectively sterilized when cumulative doses were administered over varying periods of time. Both contaminated sutures and aluminum foil packets which contained 1.1 X 104 to 3.6 X 104 spores per packet were sterilized at the doses shown in Table 3 . This table lists the sterility results of items receiving partial (initial) and the total (final) irradiation doses. All materials were sterilized even though irradiated at interrupted intervals over various periods of time.
Although sterility was achieved in all cases with doses above 1 Mrad when sutures were employed as the test medium, this did not occur when spores were irradiated at interrupted intervals by use of agar dosimeters. Table 4 shows that occasional spores were recovered at rela- 
DIscUSSION
Previous work performed on the destruction of microorganisms by irradiation in our laboratories by Artandi (2, 3), as well as by Chandler et al. (4) , and subsequent work performed by us demonstrated that a number of factors are important to sterilization by irradiation. The concentration and type of microorganisms influence the results, since the higher the concentration, the greater the dose required to kill the bacterial cell. The type of microorganism must also be known, as bacterial spores are more difficult to destroy than vegetative cells or fungal spores. Resistance of bacterial spores varies, as certain spores are readily destroyed by irradiation, whereas others, e.g., B. pumilus and C. tetani, require high doses for destruction. Resistance differences are shown by different strains within the same bacterial species.
Duggan (5) showed the effects of radiation inactivation rates in different substrates. Our work shows that some materials protect the microorganism, because sterilization was more difficult in agar dosimeters than in suture material.
The "condition" of the microorganism also influences sterilization by irradiation. When wet and dry spores were exposed to y rays under similar conditions, survival of moist spores was greater than that of dried bacterial spores. However, in gaseous sterilization, dried spores are more resistant than wet cells.
It might be expected that if irradiation cycles were interrupted destruction would be more difficult. Our studies contradicted this. It is essential that the system have no growth-promoting properties, since growth could occur during interruption, making sterilization more difficult or even impossible. This did not occur in our tests, but it could in food irradiation unless the sterilization of materials was performed and maintained in the frozen state.
In the use of irradiation for sterilization, as with other sterilization methods, one must consider the many variables associated with destruction of microbial cells through physical means.
